Proteins containing ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains interact with various binding partners and function as hubs during ubiquitin-mediated protein degradation. A common interaction of the budding yeast UBL-UBA proteins Rad23 and Dsk2 with the E4 ubiquitin ligase Ufd2 has been described in endoplasmic reticulum-associated degradation among other pathways. The UBL domains of Rad23 and Dsk2 play a prominent role in this pmcess by interacting with Ufd2 and different subunits of the 26 S proteasome. Here, we report crystal structures of Ufd2 in complex with the UBL domains of Rad23 and Dsk2. The N-terminal UBL-intemcting region ofUfd2 exhibits a unique sequence pattern, which is distinct fmm any known ubiquitin-or UBL-binding domain identified so far. Residue-specific differcnccs exist in the intemctions of these UBL domains with Ufd2, which are coupled to subtle differences in their binding affinities. The molecular details of their differential interactions point to a role for adaptive evolution in shaping these interfaces.
Proteins containing ubiquitin-like (UBL) and ubiquitin-associated (UBA) domains interact with various binding partners and function as hubs during ubiquitin-mediated protein degradation. A common interaction of the budding yeast UBL-UBA proteins Rad23 and Dsk2 with the E4 ubiquitin ligase Ufd2 has been described in endoplasmic reticulum-associated degradation among other pathways. The UBL domains of Rad23 and Dsk2 play a prominent role in this pmcess by interacting with Ufd2 and different subunits of the 26 S proteasome. Here, we report crystal structures of Ufd2 in complex with the UBL domains of Rad23 and Dsk2. The N-terminal UBL-intemcting region ofUfd2 exhibits a unique sequence pattern, which is distinct fmm any known ubiquitin-or UBL-binding domain identified so far. Residue-specific differcnccs exist in the intemctions of these UBL domains with Ufd2, which are coupled to subtle differences in their binding affinities. The molecular details of their differential interactions point to a role for adaptive evolution in shaping these interfaces.
The ubiquitin proteasome system regulates diverse cellular processes including cell cycle progression, immune response, neurodegenel'ative diseases, and protein quality control (1) (2) (3) (4) . Ubiquitin-like (UBL)" domains and ubiquitin-or UBL-binding domains (UBD) (5) are small and highly diversified domains that occur as integral parts of larger proteins (6 -9) . Integral UBLs display a similar fold as ubiquitin (Ub) and like Ub are described as protein-protein interaction modules without the * This work was supported by Deutsche Forschungsgemeinschaft Grant RA 1643/2-1 (to S. R.) and RudolfVirchow (enter for Experimental Biomedicine Grant FZ 82 (to H. 5.).
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modifier function of Ub (5, 10) . So far more than 20 different classes of UBDs have been reported with a wide range of Ub binding specifkities (11, 12) . The ubiquitin-associated (UBA) domain was the first identified UBD, which exhibits the highest representation of all UBDs in the eukaryotic genome (13) with diverse Ub and Ub chain binding properties (14, 15) . Although the source of this binding diversity in vivo remained elusive so far, remarkable structural studies have recently unravded the unique poly-Ub binding mode ofa few other UBDs (16 -20) and contributed further to the understanding of how UBDs might have acquired their respective ligand specificity. UBL-UBA proteins contain both a UBL domain and at least one UBA domain. Via these domains they interact simultaneously with ubiquitylated substrates and 26 S proteasome, thereby delivering substrates to the proteasome for degradation (21) . Interestingly, UBL-UBA proteins are also binding partners of other proteins (22) (23) (24) (25) . For instance, the budding yeast UBL-UBA proteins Rad2:) and Dsk2 can interact with the E4 ligase Ufd2 via their UBL domains (22, 26, 27) . A common involvement of Ufd2, Rad2:), and Dsk2 has been described in the endoplasmic reticulum-associated degradation, ubiquitin fusion degradation, and OLE-1 gene induction pathway (22, 28 -30) , where the UBL-Ufd2 interaction is indispensable. The association of UBL-UBA proteins with Ub ligases, their reported substrate specificity (31, 32) , and the inhibitory effect ofUBL-UBA proteins on Ub chain disassembly (33, 34) support the idea that UBL-UBA proteins might function as important regulatory and specit1city factors in Ub-mediated cellular proteolysis (21) . Therefore, understanding the binding behavior of the UBL domains of UBL-UBA proteins with their various interacting proteins will shed light on the regulatory role of these proteins. Despite the identification of a large number ofUBDs, structural details of integral UBL-binding domains are limited. In some cases, the intra-and intermolecular interactions between these UBLs with known UBDs such as UBA or the ubiquitin-interacting motif (UIM) have been demonstrated by solution NMR (35) (36) (37) (38) .
Here, we are reporting crystal structures of budding yeast Ufd2 in complex with the UBL domains ofRad23 and Dsk2 and the molecular details of their interaction interfaces. We identify a novel sequence pattern in the N-terminal UBL-binding region of budding yeast Ufd2, which is conserved in lower eukaryotes and is distinct from any known UBD identified so far. Moreover, despite engaging the same binding region, residue-spe-cific differences exist in the interactions of the UBL domains of Rad23 and Dsk2 with Ufd2, which are coupled to subtle differences in their overall binding affinities. Mutational analyses of the binding surface of the UEL domains and a closer inspection of the thermodynamic contributions of those residues point to adaptive evolution as a factor shaping these interfaces.
EXPERIMENTAL PROCEDURES
Cloning, site-directed mutagenesis, protein expression, and purification are described in the supplemental Experimental Procedures.
Crystallization of Ufd2'Rad23-UBL and Ufd2'Dsk2-UBLFor crystallization ofthe Ufd2'Rad23-UBL and Ufd2'Dsk2-UBL complexes, Ufd2 was incubated with Rad23-UBL or Dsk2-UBL at a molar ratio of 1:1.5 (77 J.LM Ufd2 and 115.5 J.LM UBL) for 1 h at 4 °C in the presence of 2 mM dithiothreitol. Crystals were grown by vapor diffusion in hanging drops containing equal volumes of protein in 50 mM HEPES, pH 7.4,150 mM NaCl, and 2 mM dithiothreitol and a reservoir solution consisting of 16 Data Collection and Structure Determination-Crystals were flash-cooled in liquid nitrogen, and data collection was performed at 100 K. Data were collected at beamlines ID14-4 (European Synchrotron Radiation Facility (ESRF), Grenoble, France) and BL 14.1 (Berliner Elektronenspeicherring-Gesellschaft fur Synchrotronstrahlung (BESSY), Berlin, Germany) and processed using Mosflm and Scala (39, 40) . Data collection statistics are summarized in supplemental Table 51 . For subsequent calculations, the CCP4 suite was utilized (41) with exceptions as indicated. The Ufd2 structure was solved by molecular replacement using Phaser (42) with Protein Data Bank (PDB) entry 2QIZ as search model. Because Phaser could not find a solution for the UBL domain with different search models, this domain was fitted manually into the electron density using human ubiquilin 3 (PDB entry 1 YQB) for the Ufd2'Rad23-UBL complex and the Dsk2-UBL domain (PDB entry 2BWF) for the Ufd2'Dsk2-UBL complex as a model. The structures were refined with Phenix (43) and REFMAC5 incorporating translation, lib ration, screw-rotation (TLS) refinement in all cycles (44, 45) . Solvent molecules were automatically added with Coot (46) . The figures were produced with PyMOL (65) .
In Vitro Binding Assays-For pulldown assays, GST-tagged Ufd2 and variants were immobilized on glutathione (GSH) beads. In all experiments, 20 J.LI of GSH beads were incubated with 0.95 J.LM purified Ufd2 in 400 J.LI of phosphate-buffered saline buffer with 1 mM dithiothreitol and 0.1% (v/v) Triton X-lOO at4 "Cfor 1 h. WT -Ufd2and GSTalonewere included as controls. After centrifugation (1250 X g, 30 s), beads were washed five times with 400 J.LI of binding buffer. Purified UBL proteins (0.95 J.LM) in a total volume of 400 J.LI of binding buffer were added to immobilized Ufd2 and treated in the same wayas in the first step. Immobilized proteins were analyzed by 17% (v/v) SDS-PAGE or by immunoblotting with an anti-His antibody.
Isothermal Titration Calorimetry (ITC)-Proteins were extensively dialyzed against phosphate-buffered saline buffer (pH 7.4, 1 mM f3-mercaptoethanol) followed by de gassing. In all experiments, 75-150 J.LM Rad23-and Dsk2-UBL proteins were titrated as the ligand into the sample cell containing 5-10 J.LM Ufd2. A volume of 10 /1-1 of ligand was added at a time with a total number of 30 injections, resulting in a final molar ratio of ligand-to-protein varying between 3:1 and 4:1. All experiments were performed using a VP-ITC instrument (MicroCal, GE Healthcare) at 25°C. Buffer-to-buffer, buffer-to-Ufd2, as well as Rad23-UBLlDsk2-UBL-to-buffer tit rations were performed as described above. Corrected data were analyzed with a singlesite binding model using software supplied by the ITC manufacturer and non-linear least squares fitting to calculate the dissociation constant (J(d) ' Surface Plasmon Resonance (SPR) Measurements-SPR binding assays were performed alternatively on BIAcore X or BlAcore TWO instruments (GE Healthcare) at 25°C in 10 mM HEPES, pH 7.4, 150 mM NaCl, 50 J.LM EDT A, 1 mM f3-mercapto ethanol, and 0.005% (v/v) Surfactant P20. 100 response units of His-tagged Rad23-or Dsk2-UBL were captured on a nickelnitrilotriacetic acid (Ni-NTA) sensor chip. GST -tagged Ufd2 for comparative binding assays and untagged Ufd2 for affinity analysis were applied to the UBL surfaces in random duplicates at a: flow rate of 50 J.Ll/min. After each cycle, the surface was regenerated using 350 mM EDT A in running buffer to remove bound Ni 2 + and captured proteins. The BIAcore T100 evaluation software was used to calculate the steady state affinity constants. Data were plotted using GraphPad Prism. For comparative assays, the relative binding responses of the mutants to WT proteins were determined by obtaining the maximum response for each interaction at the end of each injection.
RESULTS

Ufd2 Binds the UBL Domains of Rad23 and Dsk2 with High
Affinity-Although Rad23 and Dsk2 interact with Ufd2 via their UBL domains (22, 26) , yeast two hybrid assays could only identify the isolated N-terminal fragment (residues 1-380) of Ufd2 as its UBL-interacting region (26) . Additional details regarding the Ufd2-UBL interactions have not been unraveled so far. To further characterize the interactions ofUfd2 with the UBLs of Rad23 and Dsk2, we performed GST pulldown assays with GST -tagged full-length Ufd2 and C-terminally His-tagged UBLs (Fig. lA) . Both UBLs were readily captured using immobilized GST-Ufd2. In contrast, the UBL domain ofDdil, a third UBL-UBA protein, does not interact with Ufd2 ( Fig. lA) (22) . The differential binding of the Rad23-and Dsk2-UBLs to the proteasomal subunits Rpn1 and Rpn10 has been described (25, 47, 48) . Hence, we used SPR interaction analysis to search for quantitative differences in their interactions. Steady state affinity analysis of Ufd2 on both Rad23-UBL (Fig. 1B, left panel , and 1 C) and Dsk2-UBL surfaces (Fig. 1B, The binding of the UBLs of Rad23 and Dsk2 to Ufd2 was also analyzed by ITC to allow for a complete thermodynamic characterization (Fig. ID) . These studies resulted in a Kc! of 70 ± 6 llM for the interaction of Rad23-UBL with Ufd2 and for the binding of Dsk2-UBL to Ufd2 in a 2-3-fold higher K" of 175 ± 19 nM. Although there is an excellent agreement between SPR and ITC for the Rad23-Ufd2 interaction, the two methods show an ~2-fold difference for the Dsk2-Ufd2 interaction. More importantly, the enthalpic and entropic components to the free energy are highly different between the two UBLs. The interaction ofRad23-URL and Ufd2 is more exothermic (!1H = -17.3 kcaI/mol) when compared with Dsk2-UBL (!1H = -10.1 kcaI/ mol). However, this is offset by a substantial decrease in entropy for Rad23-UBL (-T!1S = 7.4-kcal/mol), whereas the entropic contribution is minimal for the Dsk2· UBL interaction (-T/1S = 0.8 kcaIlmol).
Crystal Structures of Lljd2 in Complex with Rad23-and Dsk2-UBL-We solved the structures of Ufd2 in complex with
Rad23-UBL carrying eitl'~er an N-terminal or a C-terminal His tag, which showed no significant structural differences. Due to better data quality, the structure of Ufd2 with a C-terminal His-tagged UBL is presented here. The Ufd2·Rad23-UBL complex was refined at 2.4 A resolution to a crystallographic R-factor of 20.3% and a free R-factor of25.7% (Table 1) . As described previously (49), Ufd2 is composed of an N-terminal variable domain, a core domain, and a C-terminal U-box domain with a fold similar to that of RING (really interesting new gene) domains, which are present in certain Ub ligases ( Fig. 2A) . Despite some conformational variability of the U-box domain, " R",,.,, = I"dIF,,1 -If;·1I12hkAf~,1 where F" and F, arc the observed and calculated structure factor amplitudes. bRfrcc' same as R(w;., for 5% of the data randomly omitted from the refinC!l1cnt. The estimated coordinate error is based on R1r<.!c' ,. Ramachandran statistics indicate the fraction of residues in the favored (98%), aUm\'ed (>99.8%), and disallowed regions of the Ramachandran diagram, as defined by MolProbity (64) .
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our Ufd2 structure in the complex is quite similar (1.S A root mean square (1'.m.s.) deviation for 954 Ca atoms) to the published Ufd2 structure (49) . The N-terminal variable region ofUfd2 that binds to the UBL domain consists of eight a-helices. Helices (d to a4 arc arranged in a four-helix bundle, whereas helices as and a6 interact with a3 and a4 through hydrophobic contacts that are partly mediated by their connecting loops (Fig. 213) . The structure ofRad23-UBL is comprised of a five-stranded f3-sheet, one a-helix, and one 3 1O -helix ( 72 CO' atoms, z-score 11.3, 26% sequence identity), one of the two human homologs of budding yeast Rad23.
Subsequently, we solved the structure of Ufd2 with Dsk2-UBL by mol ec ular replacement. The UBL domain in th e Ufd2'Dsk2-UBL complex exhibits increased Hexibility; in particular, with a C-terminally tagged UIR domain, the fir st 30 amino acids of this domain were largely disordered (data not shown). With an N -terminally tagged protein, the Ufd2'Dsk2-UBL structure was refined at 2.4 A reso lu tion to a crystallographic R-fac tor of 21.0% and a free R-fa ctor of27.0% (Tabl e 1). Both Rad 23-UBL and Dsk2-UBL structures can be superimposed with an 1".m .s. deviation of 1.1 A for 71 aligned residues (z-score B.6, :10% sequence identity) .
Analysis of the Ufd2'Rad23-UBL Intelface-T he Ufd2·UBt. interfa ce in the structure of the complex buries a totalmolecular surface of about 1260 A2, whi ch is comprised to -590 A 2 of the molec ular surhlce of Ufd2 (-1.3% of the total surface area) and -670 A 2 from UBL (-14.6% of the total surface area). T his interface is composed of almost equal parts of non-polar residues (38%), polar residues (33%), and charged residues (29%); however, there are only one salt bridge (UBL-Lys-10 N,-Ufd2-Glu -49 OEl with a distance of 2.6 A) and two direct hydroge n bonds (UBL-Ser-47 Oy-Ufd2-Arg-92 NT)2, UBL-G ln-52 NE2-Ufd2-Glu-14·1 0 at distances of 2.3 and 3.2 A, respectively) present (Fig. 3A) .
Three UBL segments are contacting Ufd2 (Fig. 3A) . Segment I is located in th e loop connecting J3-strands on e and two, segment II involves J3-strands three and four, and segment III is located in f3-strand five. Utd2 residues from helix 0'2 and (v4 as well as th e loop connecting 0'4 with 0'5 contribute to the Ufd2·UBL interface. These res idues contact the hydrop hobi c surface of the UBL J3-sheet in the region of J3-strands 3,4, and 5. Participating residues from Ufd2 include Leu-44, Tyr-97, \lal -lOO, and Trp-107, whi ch are located in the hydrophob ic UHL pocket formed by residues Phe-9, lI e-45 , \lal -50, \lal -69, and Met-71 ofRad23 (Fig. 3, A and B) .
For comparison, the principal re cognition determinants in Ub are: 1) the hydrophobic pocket formed by the side chains of Leu-8 (Phe-9 in Rad23), Ile-44 (Ile-45 in Rad23), His-68 (\lal-69 in Rad 23), and \lal-70 (Met-71 in Rad23) and 2) the main chain amide group of Gly-4·7 (Gly-4·8 in Rad23), which is involved in hydrogen bonding (50) . Although the hydrop hobic patch of Rad23 -UEL is also crucial for its interaction with Ufd2, the main chain of Gly-48 does not form a hydrogen bond. Instead, the J3-turn (Scr'17 -Gly"M) connecting f3 -strands 3 and4 is stabili zed by th e aforementioned strong hydrogen bond between Ufd2-Arg-92 and UBL-Ser-47, whereas Ufd2-Gly-96 and Ufd2-Tyr-97 contact UBL-Gly-4.8 (Fig. 3A ) . The aromatic ring of Ufd2-Tyr-97 is involved in a stacking interaction with th e peptide bo nd between UBI. residues 47 and 48 in this J3-turn.
Probing the Uld2'Rad23-UBL [ntellace-The importance of interface residues was analyzed by mutage nesis experiments. Eleven residues from Ufd2 and nine from Rad 23-UBL were each replaced with Ala . With the exception of the Rad23-UBL-G48A variant th at showed a reduced express ion, all Ufd2 and Rad23-UBL variants behaved like the WT protein during and after purification, indicating that they were correctly fold ed (data not shown). Initially, th e contribution of these residues was studied by GST pulldown and co mparative SPR binding assays ( Table 2 , supplemental Figs. SI and S2A ). In SPR studies, the relative binding responses of mutants to WT proteins were determined and compared. The majority of Rad23-UEL single mutants revealed reduced binding to Ufd2 with Rad23-UBL-I45A displaying the most prominent binding defect. The contribution of the remaining residues to the interaction is augmented in double mutants (supplemental Fig. SIC) . Analysis of the Ufd2 variants by SPR showed a largely reduced binding of the residues located in the hydrophobic region of the UBLbinding pocket (Leu-44, Tyr-97, \lal-100, and Phe-107) and Asp-40 (Table 2 and supplemental Fig. S2A ) .
ITC studies confirmed these results and allowed for a quantitative analysis ( Table 2, supplemental Fig. S3 and  supplemental Table S2 ). The most significant effect for Ufd2 was observed for all residues located in the hydrophobic UEL pocket. Mutation of \lal-lOO and Phe-107 to Ala completely abolished binding, the Y97 A variant strongly reduced binding (1900-fold), and the Il04-A and L44A variants showed significantly decreased affinities (20-and 120-fold, respectively). Although not directly involved in complex formation (Fig. 3A) , the Ufd2-D40A variant showed a 1l0-fold reduced affinity (Table 2) , which probably is the result of the missing intramolecular hydrogen bond between Ufd2-Asp-40 and Ufd2-Tyr-97 (082-0H 2.5 A). This hydrogen bond seems to be crucial for proper positioning of the aromatic side chain of Tyr-97 in the interface region and might be important to align helices 0'2 and 0'4 for interaction with the Rad23-UBL. ... Secondary structure elements of Rad23-UBL were assigned using DSSP (61) and are labeled above the sequences. The alignment was performed using DaliLite In Rad23-UBL, Ile-45 was shown to be integral for binding to Ufd2 by the detrimental effect (130-fold decrease) after exchange to Ala ( Table 2) . Mutation of Phe-9, Val-SO, and Val-69, res idues adj acent to I1e-45 in the hydrophobi c patch, also decreased the affinity of Rad23 -UI3L 5-7-fold . Ser-47, which is in hydroge n-bonding distance to Ufd2-Arg-92 and next to UBL-Gly-48, showed a 9-fo ld reduced affinity. In Ub and in the human Rad23 homo log hHR23A, Ser-4·7 is replaced by Ala. Charged resid ues found in the interface (Ufd2, Glu-26, Glu-4·9, and Arg-92; UBI., L.ys-lO) do not contribute significa ntly to the interaction. In summary, our data indicate th at the most prominent contact between Ufd2 and Rad23-UBL is the strong hydrophobic interaction between UBI.-I1 e-45 and Ufd 2-VallOO as we ll as Ufd2-Phe-l07, which defines the core of the UBLinteracting region of Ufd2.
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Molecular Discrimination between Rad23 and Dsk2-lJespite a similar fold, th e UElL domains ofRad23 and Dsk2 display only 30% sequence identity, which co uld give rise to differences in their interactions. A super position of the bound Rad23-UBL a nd Dsk2-UBL in th e two complex structures showed significa nt changes (Fig. 3C) . Of the three UBL. segments involve d in the Ufd2 interaction (Fig. 3A ) , segment II including IIc-4-5 (Ile-44 in Ub) is highly co nserved, and th ere are no conformational changes in both UBI. stmctures, whereas seg ments I and
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III are not co nserved and display structural changes (Fig. 3C) . T he loop, connecting {3-strands on e and two, adopts different conformations, and {3-strand fi ve shows a displ acement th at might affect binding (Fig. 3C) .
Segment I includes Phe-9 in Rad23-UBL, corresponding to Leu-S in Ub, where this res idue is· also involved in Vb recognition by UBDs (50, 51) . Phe-9 is replaced by Gly-l0 in Dsk2-UBL, and th ere is no corresponding hydrophobic interacting residue (sup pl emental Fig. S4A ). Dsk2 residues Gly-lO and Gln-ll adopt diffe rent conformations when compared with Leu-81 Thr-9 of Ub and Phe-9/Lys-1O of Rad23-UBL. In the Ufd2 o Dsk2-UBL structure, the Ufd2'Rad23-UBL salt bridge (Lys-l0/Glu-49) is missing due to the Lys-lO to Gln-ll exchange, with the latter side chain no longer being located in the protein interface (supplemental Fig. S4A ) . The missing interaction from segment I in Dsk2 might be compensated by the displacement of {3-strand five toward Ufd? and a replacement of Val-69 to His-69 found in segment III resulting in a more pronounced interaction in this region when compared with Rad23-UBL (supplemental Fig. S4A ) . The presence ofthe salt bridge seems to be the reason for the more exothennic character ofthe Ufd2· Rad23-UBL interaction, a view that is also supported by the corresponding Ufd2-E49A and Rad23-KI0A variants, which both display binding enthalpies similar to the indicates no change; ND indicates not detected (corresponding to at least a W'-fold decrease in binding affinity). 
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(l For comparative SPR assaysl the relative binding responses of the mutants to wt proteins were determined by obtaining the maximum response for each interaction at the end of injection.
Ufd2'Dsk2-UBL complex (supplemental Table S2 ). At the same time, the absence of the salt bridge in both mutants is accompanied by a more favorable entropic contribution, which is on a level similar to the Ufd2'Dsk2-UEL complex. To identify re si dues important for the subtle molecular discrimination between the UEL domains of Rad23 and Dsk2, the interaction of Dsk2-UBL with Ufd2 mutants was analyzed by GST pulldown assays (data not shown), SPR, and ITC (Table 2 , supplemental Figs. S2B and S:·le). Quantitative ITC analysis showed reduced binding of Dsk2 to Ufd2 mutants Y97 A (470-fold), VlOOA (22-fold), lI04A (6-fold), and Fl07 A (20-fold) ( Table 2 ). However, binding of the V100A and Fl07 A variants is not completely abolished, and when compared with Rad23-UBL, the binding affinities are less affected by a factor of about 3-7 in most of the mutants analyzed. In addition, the L44A mutant, which has a 120-fold reduced affinity with Rad23-UBL, is only three times reduced in the case of Dsk2-UBL.
In general agreement with the ITC affinity data, the comparative SPR binding assay revealed significant differences in the association of Ufd2 variants Y97 A, VlOOA, lI04A, and Fl07 A with Rad23-and Dsk2-UBL surfaces (supplemental Fig. S/JB) . The observed SPR decrease for the binding of the T48A and E49A variants ofUfd2 to Dsk2-UBL seems to be compensated by slower dissociations, thus explaining why these mutants show no significant defect in the ITC analysis.
To further analyze the contribution of segments I and III to complex formation, a G 1 OF IQ 11K/S67Q/H69V /V71M quintuple Dsk2-UBL mutant was generated, where key residues in binding segments I and III were replaced with the corresponding residues from Rad23-UBL. Comparative binding as well as steady state affinity analysis by SPR revealed only a small increase (Kd = 348 nM) in binding affinity for Ufd2 when compared with WT -Dsk2-UBL (Kd = 418 nM) (data not shown and Fig. 1 C) . In addition, neither a crystal structure of the quintuple Ufd2·Dsk2-UBL complex (data not shown) nor the KD of 240 nM deduced by ITC revealed significant differences from WT-Dsk2-UBL (Kd 175 nM) . The ITC analysis did, however, reveal that the binding is now driven by an increase in entropy (-TI1S = -6.5 kcallmol versus 0.8 and 7.4 kcallmol for WT -Dsk2-UBL and -Rad23-UBL, respectively), whereas the binding enthalpy is reduced to only -2.5 kcallmol when compared with -10.1 and -17.3 kcallmol (supplemental Table S2 ). Interestingly, SPR and ITC analysis of a GlOF/Ql1K/I50VI K52Q/S67Q/H69VIV71M septuple Dsk2-UBL mutant, which has the additional ISOV and KS2Q substitutions in segment II, showed an even lower affinity (SPR, Kd = 648 nM; ITC, Kd = 875 nM) to Ufd2 when compared with WT-Dsk2-UBL (Fig. le) .
The N Terminus of Ufd2 Represents a Unique and Conserved UBI-binding Domain-A multiple sequence alignment ofUfd2 from different yeast species displays a distinct pattern of conserved residues involved in UEL binding (Fig. 4A) . Among the available yeast genomes, the Schizosaccharomyces pombe sequence is most similar to those from higher eukaryotcs; thus we isolated cDNA fragments for the coding region of the UBL domains of Rad23 and Dsk2 and full-length Ufd2 from this organism and examined their interactions by GST pulldown assays (Fig. 4B) as well as SPR (data not shown). We could show that SpUfd2 interacts strongly with the UBL domains of SpRad23 and SpDsk2 as well as with the UBL domains of ScRad23 and ScDsk2 and vice versa. This cross species interaction, despite the diversified UBL and Ufd2 amino acid sequences, indicates that the identified sequence pattern represents a real UBL-interacting domain. A surface representation of this motif is shown in Fig. 4C .
The N terminus of budding yeast Ufd2 displays only limited sequence homology with the human Ufd2s, E4A and E4B (supplemental Fig. SS ) and other Ufd2s from higher eukaryotes. In agreement with this finding, there are no reports that hHR23A/B interacts with either of the human homologs of Ufd2. Interestingly, our SPR studies showed that the UBL domain of hHR23A interacts with ScUfd2, albeit with lower affinity (data not shown). Apparently, the high affinity interaction of the UBL domains of Rad23 and Dsk2 has been lost during the evolution of this domain. The absence of conservation of the Ufd2-UBL interface could potentially be used for therapeutic interventions against pathogenic yeasts such as Candida albicans by designing low molecular weight compounds that disrupt this interface. However, further functional studies in pathogenic yeasts are required to examine the suitability of this surface as a drug target. ." 
DISCUSSION
Families and superfamilies of protein domai ns or fo lds have evolve d through a process of h omologous recombination and gene duplication (52) fo llowed by sequence dive rgen ce. Members of ditfercnt classes of VBDs such as VBA or VBL domains result from these processes. For instance, th e VBL doma ins of Rad23 and Dsk2 display onl y 30% sequence identi ty but adopt the same fo ld and utilize th e same binding su rface to recognize a common VBL-binding dom ai n of Vfd2 to for m co mpl exes that di splay similarly high affinity. Neve rtheless, n ot all interac ting residues are co nserve d; in parti cular, there is sequence dive rsity in bind ing segm ents I and III ofVBLs. Qur attempts to in terconvert the VBL domains by alter ing non -conserved interfacial resid ues were not successful, thus suggesting that additional elem ents exist and play a ro le in the respective Vfd2 -VBL interactio n. Interestingly, these resu lts rese mble earlier studies on WW domains (S3, S4.), w here a statistical analysis of multiple sequen ce ali gnm ents was utilized to identify co-evolvin g residues. The autho rs demonstrated that not only interfacial res idues but also buried residues distal to the interface co -evo lved with interfacial residues and co ntri bute significantly to t he 20396 interactions. T hey concluded that certain sequen ce p atterns in in terac ting domains are due to adaptive evolution. In agreem ent with th ese find ings, our data prove that substitut ion of key interfacial residues ofDsk2-VBL h as no significant etfect on its overall binding affi nity to Vfd2. In case of the se ptuple mutant, we even observed a decrease in binding affinity, whi ch co uld be due to the imposed disorder in to the evolutionary inter-residue relations within the VBL fold . This is supported by th e hlC t that when comp ared with Dsk2 -VBL and in patti cular Rad23-VI3L, the binding of the quintuple Dsk2-VBL mutant is dri ve n strongly by entropy. Th ese findings indicate that binding in terfaces can be m odulated by changes in residues that affect either th e binding enthalpy or the entropy, thus providing additional freedom to m aintain an interaction during t he co urse of evolution, an effect that h as been described previously as cnt ropy/enthalpy compensati on (55, 56) .
Our stud ies suggest that UBL domains have co-evolved with Vtd2 to reach optim al bindin g affiniti es by alterin g spec ific residue-to-residue inte rac tions (co -evoluti on at the residue level) (57) , while at the sam e time, all fun ction al aspects of Rad23 or Dsk2 are preserved. Therefore, the primary sequence degener- D, 5Sa/ Rpnl0·hHR23A-UBL (PDB entry 1 P9D).
Alth ough the aforementioned exampl es ' engage essential ly the same surface of Vb/ VBL, they diverge in both structure and patterns of Vb / VBL recognition (Fig.  5) . For instance, hRpnl0/S5a recogni zes the VBL domain of hHR23A, one of the two human homologs of Rad 23, via a Vb -interacting motif, whicll con sists of a s in gle a -heli x (35,37). Rpn13 binds Vb via a plecl<-strin homo logy domain, which is a seven-stranded {3-sandwich capped by an a -heli x (51). The Vb -binding surface of RpnB is formed by three loops that bridge {3-strands. Another Vb -binding clement is the VI:3A domain found for example in Dsk2 (60) . T he VBA domain is composed of a three-heli x bundle. With the exception of Rpn13, which exclusively binds via loops, it seems that the majority of Vb /VBL-binding domains fold into a-helical structures including the kn own UBDs, VIM, and VB A, and t he VBL-binding domain of Vfd2 idenacy of protein dom ains such as VBAs or VBLs has been tolerated and established in favor of the cooperative nature of the interactions and their fun ctionality within th eir res pective protein compl exes. T his furth er sugges ts that differential binding properti es observe d for t he interaction s ofVfd2 with VELs (this study) or for the interaction s of VBAs with Vb and Vb chain s (14) can arise not necessarily due to their interaction with different ligands but can also result from the adaptive co-evo lu tion of t hese domains with the same interacting partners. Seemingly, these interhlcial domains have evo lved to hold proteinprotein interactions in a su itab le form within multico mponent complexes until they are challenged by d ownstream events.
N um erous structures of Vb receptors in complex with th eir respective Vb/VBL-binding dom ains have been report ed. T he so far characterized Vb receptors of th e 26 S proteasome in budding yeast encompass th e two proteasomal subunits RpnlO (S5a in hu mans) and Rpn13 and the three VBL-VBA proteins Rad23, Dsk2, and Ddil, wh ich associate with th e proteasome and fun ct ion as shuttle fa ctors (21) . Experimental evidence for the existence of additional candi dates exist (21, 58) . Rad23 and Dsk2 interact with the proteaso mal subunit Rpnl via their VBL domains (21, 47) . Aside from their know n interactions with Vb, Rpn13 and Rpnl0 /S5a alternatively in teract with VBL-VBA proteins (21 , 35, 37, 38, 48, 51, 59) . For instance, the preferential association of Rpnl with l~a d 23 and Rpn 10 with Dsk2 has been reported (25, 38, 47, 48) . Based on th e bincling of h pLIC2 (Dsk2 tified in this study. Despite the predominant interaction involving a -heli ces as Vb/VBL-b indin g elements, the three-dim ensional structure of the U EL-binding doma in ofVfd2 differs from other known examp les, hence providing the first structural descript ion for how Vfd2 acts as a VBL receptor whil e at the sa me tim e further en hancing the di vers ity of UBDs in general.
SUPPLEMENTAL DATA Experimental Procedures
Construct Design-Plasmids pGEX-4Tl-Ufd2, pGEX-4TI-Rad23, and pGEX-Dsk2 for the expression ofN-terminalIy GST-tagged Saccharomyces cerevisiae Ufd2, Rad23, and E4A and E4B. The secondary structure elements of S. cerevisiae Ufd2 assigned using DSSP (1) are labeled above the sequences. The alignment was performed using DaliLite (2) and the figure was prepared with ESPript (3). Strictly conserved amino acids are highlighted with white letters in red and similar amino acids are in red letters. Residues colored in red represent the core region of the Ufd2:Rad23-UBL binding domain, which is essential for UBL interaction, while yellow shaded residues contribute moderately to the interaction. .... 
